A general method has been developed which allows crosslinks to be produced between proteins and single-stranded DNA. Such single-stranded DNA protein complexes have been tested for blot hybridization using two colorimetrically detectable enzymes, namely peroxidase and alkaline phosphatase, as the protein moiety of the probe.
INTRODUCTION
Probes for nucleic acid hybridization reactions are usually labeled with radioisotopes. Recent developments, however, offer alternative methods to produce nonradioactive probes by labeling the DNA with biotin (1,2,3,4,5) which can be detected after hybridization by conventional cytochemical techniques, e.g. with avidin peroxidase.
We wish to describe our studies on a new method of constructing non-radioactive hybridization probes which have the advantage that they can be visualized without the need of a detector system. In addition, DNA fragments of different sequences can be searched for in a one step hybridization reaction using differently modified probes.
We have developed a general method which allows crosslinks to be produced between proteins and DNA with high efficiency.
The strategy is as follows: (1) a small macromolecule (ca. 1.5 kDa), namely a synthetic polymer carrying many primary amino groups is fused with a protein.
(2) The modified protein which is now able to bind electrostatically to any polyanion due to its small, positively charged tail, is allowed to interact with DNA. ( 3) The ionic binding between the two macromolecular components is essential for a successful crosslinking reaction leading to covalent bonds. Such single stranded DNA protein probes hybridize with their complementary sequences and can be detected by searching for the protein (e.g. with an antibody).
If the protein moiety of the probe is an enzyme molecule which can convert a soluble, colourless substrate into an insoluble, coloured pigment the hybridization sites can be visualized directly without using tedious cytochemical sandwich methods.
For the latter approach we have used two enzymes, namely peroxidase and pho3phatase, and optimized the conditions for filter hybridization (Southern blots).
METHODS
Synthesis of peroxldase-polyethyleneimlne conjugates Peroxidase was crosslinked with polyethyleneimine (PEI) at different mass ratios, then covalently bound to single stranded DNA and finally tested for hybridization.
The most efficient peroxidase-PEI conjugates were obtained using a mass ratio of 150.
20 mg (5.10^ units) horseradish peroxidase (grade I, Boehringer-Mannheim) were dissolved in 220 /JI of 90 mM sodium phosphate (pH 6.0) to which 60 /Jl of a solution containing 30 mg p-benzoquinone in 1 ml ethanol were added and the mixture was allowed to react for 1 h at 37°C in the dark (13) . Peroxidase with covalently attached benzoquinone molecules was separated from nonreacted benzoquinone by gel filtration (6 ml Sephadex G100 column in 0.15 M NaCl without any buffer). Brown colored fractions were combined (about 1.8 ml) and crosslinking was initiated by raising the pH with 180 /jl of 1 M NaHCCU and by adding 2.7 /jl (133/Jg) of a Polymin G35 solution.
[Polymin G35 (BASF, Ludwigshafen) is a low molecular weight polyethyleneimine (MW ca. 1400) containing equal amounts of primary, secondary and tertiary amino groups (one third each).] The reaction mixture was kept in the dark at 37°C for 20 h, dialyzed against 5 mM sodium phosphate (pH 6.8) and stored at 3°C (solution A). The protein concentration of solution A was ca. 7 p%//a\. No loss of activity was observed during a 3 month period.
Alkaline phosphatase PEI conjugates were synthesized similarly. 3 mg (350/jl) of alkaline phosphatase from calf intestine (grade I, Boehringer Mannheim) was dialyzed against 0.1 M sodium phosphate (pH 6.0). 90/Jl of the p-benzoquinone solution were added and incubated in the dark for 1 h at 37°C. After gel chromatography (6 ml Sephadex G25 column) phosphatase containing fractions were combined (ca. 900/jl) and 100/jl 1 M NaHCOn and 20/Jg PEI were added.
The mixture was incubated for 18 h at 37°C in the dark, dialyzed against 5 mM sodium phosphate (pH 6.8) and stored at 3°C (solution B).
The size and composition of peroxidase conjugates was 125 determined by SDS-polyacrylamide gel electrophore3is using I-PEI (labeled with Bolton-Hunter reagent) for peroxidase modification and by comparing Coomassie blue stained gels with the respective autoradiograms. All peroxidase molecules were found to be modified. Sizes (and abundance) of the conjugates were as follows: 50 kDa (10J); 100 (60); 150 (20); 200 (5); 250 (2) .
All conjugates were found to have a peroxidase: PEI mole ratio of 1. Probe construction Circular double stranded DNA molecules were linearized with a restriction endonuclease and used without further purification.
Usually 1 jag DNA in 20 /Jl of 5 mM sodium phosphate (pH 6.8) was denatured by heat (100°C, 3 min) and cooled for 3 min on ice. First 20 jal of solution A was added and thereafter 6/Jl of a 5% glutaraldehyde solution. The sample was incubated for 10 min at 37 °C and added either directly to the hybridization reaction containing nitrocellulose paper and hybridization solution or, to remove nonreacted peroxidase, precipitated by adding 28 /Jl of a solution containing 40J polyethylene glycol 8000 (Sigma). The mixture was centrifuged (Eppendorf centrifuge) for 6 min and the sediment was dissolved in 10 /Jl of 1.5 M L-lysine in 5 mM sodium phosphate (pH 6.8) and used for hybridization. DNA binding studies with gel filtration columns (Sepharose CL-6B) showed that about 25X of the peroxidase activity is covalently bound to DNA which corresponds to a protein:DNA mass ratio of about 30. Hybridization and visualization of probes Nitrocellulose papers (Schleicher 4 Schull) with immobilized DNA were soaked for 1 h at 38°C in 10x Denhardt's solution (11), 4x SET (1x SET is 0.15 M NaCl, 0.03 M Tris-HCl, pH 8, 1 mM EDTA), 0.1% SDS and transferred to plastic containers containing between 2 and 20 ml blank hybidization mixture (50% formamide, 2x Denhardt's solution, 4x SET, 0.1J SDS and 30/Jg/ml yeast tRNA), incubated with shaking for 1 h at 38°C and then, after addition of the probe, 2-16 h at 38°C For analysis of chicken and human single-copy gene sequences, hybridization was done in the presence of polyethylene glycol 8000 (Sigma) (PEG). The hybridization mixture was modifed by using a 12% (w/v) PEG solution in formamide instead of formamide alone. The nitrocellulose papers were washed for 60 min at 38°C with two changes of a solution containing 50% formamide, 0.4% SDS and 0.5x SSC (1x SSC is 0.15 H NaCl, 0.015 M sodium citrate) and for 20 min at 20°C with two changes of a solution containing 2x SSC. Filters were then incubated at 20°C in the dark with staining solution. Peroxidase was visualized with 10 ml of 100 mM TrisHCl, pH 7.4, 10 mM imidazole, 2 ml of ethanol in which 6 mg 3,3'-dianisidine had been dissolved, 10/Jl of 30% H 2 0 2> After staining, filters were rinsed and stored in Tris-HCl-imidazole buffer.
Phosphatase was visualized with 15 ml of a solution containing nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indoxyl-phosphate-4-toluidine salt (BCIP) which was prepared as follows. 5 mg of NBT was suspended in 5 ml of 0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, 5 mM MgCl 2 (buffer A), vortexed vigorously for 1 min and briefly centrifuged. The supernatant was decanted into 10 ml of buffer A which has been prewarmed to 37°C. 2.5 mg of BCIP were dissolved in 50 /Jl dimethylformamide and added dropwise with mixing into the NBT solution. After color development filters were rinsed and stored in 100 mM Tris-HCl, pH 7.4, 5 mM EDTA.
RESULTS AND DISCUSSION
To convert horseradish peroxidase into a DNA-binding protein low molecular weight polyethylenimine was coupled with peroxidase using p-benzoquinone as crosslinking reagent. For probe construction the modified peroxidase was covalently linked to single stranded DNA using glutaraldehyde. Optimal conditions for producing such conjugates were established empirically. To determine whether complexes of single stranded DNA and modified peroxidase were suitable for use as hybridization probes, a pBR322 plasmid containing the genome of hepatitis B virus (HBV) was first digested with different restriction endonuclea3es, size separated by agarose gel electrophoresis, denatured and chromatographed onto nitrocellulose paper.
Replicas were hybridized either with pBR322 or HBV DNA both being labeled with peroxidase. After hybridization, the nitrocellulose paper was treated with staining solution (anisidine and HpOp). Brown coloured bands developed after a few minutes. As can be seen in Fig. 1b and 1c the pattern of bands is different for the two probes used and corresponds to that which is expected from PBR322 (6) and hepatitis B genome sequence data (7, 8) .
Using the same approach probes were constructed with another colorimetrically detectable enzyme, namely alkaline phosphatase, and found to have similar hybridization characteristics as peroxidase labeled DNA (not shown). A useful application of this general methodology e.g. for characterization of DNA fragments, exploits the fact that two different DNA fragments can be labeled with two different enzymes.
Another replica blot ( fig. 1a ) was hybridized simultaneously with pBR322 DNA (labeled with phosphatase) and HBV DNA (labeled with peroxidase). After hybridization, the nitrocellulose paper was developed first with a substrate for phosphatase leading to blue pigmentation and later with anisidine (Fig. Id) . The differently colored bands indicate the extent to which complementary sequences to the two probes are present in a given band (compare Fig. 1b and 1c with 1d) . These results show that the basic scheme for enzyme labeling of single stranded DNA molecules works. (Fig. 2a) . The detection limit of peroxidase labeled probes is therefore slightly less then 20 pg for 2 kb long DNA fragments. The result of this experiment suggests that it should be possible to perform blot analyses of genomes of relatively low complexity. This supposition was tested by digesting DNA from Drosophila melanogaster Kc cells with EcoRI and transferring the resulting fragments to nitrocellulose paper after gel electrophoresis. The DNA was then hybridized for 3 h with a peroxidase labeled alcohol dehydrogenase probe. After a staining time of 20 minutes a band at the expected 4.3 kb position was observed (Fig. 2b) . The result of this experiment demonstrates that a single copy gene a few kb long can be visualized after short staining times using an amount of genomic DNA (ca. 1 /Jg) which workers in the Drosophila field generally use.
To detect single copy genes on genomic blots of species with high DNA sequence complexity the sensitivity of peroxidase labeled probes had to be further increased. This was done by adding a neutrally charged synthetic polymer, namely polyethylene glycol (PEG) to the hybridization reaction mixture. A serial dilution experiment similar to the one described above was performed using 6$ PEG. After 30 minutes of staining bands The hybridization mixture contained 6% PEG. The bands correspond to the following sizes (in kb):
8.1, 7.5, 5.0, 3.0, 2.5, 2.1 (e) 15/Jg of human DNA from whole blood was digested with Hind III, size separated by agarose gel electrophoresis, transferred to a nitrocellulose filter and hybridized for 4 h (in a volume of 5 ml) with 2.5/Jg of a EcoRI linearized pKT218 plasmid containing the coding regions of the albumin gene (2 kb) (a gift from Dr. G. Ciliberto) which were crosslinked with peroxidase (50/Jl of solution A).
The hybridization mixture contained 6% PEG. The bands correspond to the following sizes (in kb): 6.6, 6.2, 4.2, 2.2.
containing about 4pg of DNA of about 2 kb length could be clearly detected (Fig. 2c) . The limit of detection is therefore in the 1-5 pg range which is sufficient to perform genomic blot analysis of species of high complexity. To test this critically, genoraic DNA of chicken and human origin respectively was digested with restriction endonucleases, size separated by electrophoresi3, blotted and hybridized in the presence of 6% PEG. The chicken blot was probed with peroxidase labeled erb sequences of avian erythroblastosis virus and the human DNA blot with peroxidase labeled albumin gene sequences. After a 45 minutes incubation with the substrate solution restriction fragments were observed ( Fig. 26 and e) that had sizes in agreement with published values (9, 10) .
As an additional control, replica filters were hybridized with nick-translated probes and exposed to X-ray films. Pattern of bands and their intensities on the autoradiograms were indistinguishable if enzyme labeled probes were used (results not shown).
These results show that unique avian and mammalian gene sequences can be visualized colorimetrically with peroxidase labeled probes when PEG is used in the hybridization reaction mixture.
It
is known from kinetic studies of nucleic acid hybridization reactions that some water soluble polymers accelerate the rate of duplex formation which is explained mainly due to volume exclusion i.e. to concentration of the probe (11, 12) . PEG was found to be superior for hybridization with peroxidase labeled nucleic acids compared to any of the described polymers, most of which gave rise to an unacceptably high background.
The increase in sensitivity of peroxidase labeled probes using PEG can most likely be attributed exclusively to this volume exclusion effect and not to additional network formation as is the case with nick translated probes (12) .
Experiments using as probes single stranded, M13 clones, labeled with peroxidase gave results very similar to those with the probes described in this report (result not shown).
The technology presented here is superior to traditional methods in its speed. The stability and relative safety of the reagents used should make this method especially valuable in routine medical diagnosis as well as in basic research. By using differently labeled probes simultaneously it should be possible to detect the presence of several pathogens of patients with acute infections in a very short time. Adaptation of this principle to in situ hybridization should be of particular interest for chromosomal fine mapping, e.g. defining the orientation of large genes in polytene chromosomes.
